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Abstract: Rock fall accidents in mountainous cliff 
areas have significant consequences for human life and 
transportation. This study aimed to evaluate the 
rockfall hazard in the Cap Aokas cliff region located 
along the northeast coast of Algeria by identifying the 
key factors contributing to rockfall occurrence. We 
employed a combination of kinematic analysis, 
Matterocking method, and 3D trajectory simulations 
to determine zones that are susceptible to rockfall 
mobilization. By using a probabilistic and structural 
approach in conjunction with photogrammetry, we 
identified the controlling factors. The kinematic 
analysis revealed the presence of five discontinuity 
families, which indicated both plane and wedge failure 
modes. The 3D trajectory simulations demonstrated 

that the falling blocks followed the stream direction. 
We then validated the susceptibility maps generated 
from the analysis using aerial photos and historical 
rockfall events. The findings of this study enhance our 
understanding of rockfall phenomena and provide 
valuable insights for the development of effective 
strategies to mitigate rockfall hazards. 
 
Keywords: Trajectory simulations; Probabilistic 
analysis; Structural approach; Rockfall hazard; Cap 
Aokas cliff 

1    Introduction  

Rockfalls pose significant geological hazards, 
often resulting in fatalities and substantial damage to 
property and infrastructure (Cruden and Varnes 1996; 
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Volkwein et al. 2011; Palau et al. 2013; Ferrari et al. 
2016; Dahoua et al. 2018; Kallel et al. 2018; Corominas 
et al. 2019; Besser et al. 2021). Broad researches (Jiang 
et al. 2020; He et al. 2021) have underscored the 
necessity of comprehending the causes and dynamics 
of rockfalls to accurately evaluate hazards and 
formulate effective mitigation strategies (Ansari et al. 
2018; Taib et al. 2023a,b, 2024). While analyses of the 
economic impact of rockfalls are abundant in the 
United States and Europe, research in Africa remains 
limited, highlighting a critical need for enhanced 
mitigation measures and research endeavors on the 
continent (Zeqiri et al. 2019; Mahleb et al. 2022; 
Brahmi et al. 2023). 

In the mountainous regions of North Algeria, 
managing mass wasting risks is paramount, given 
disastrous incidents and the unpredictable nature of 
the phenomenon (Hadji et al. 2013, 2014; Achour et al. 
2017; El Mekki et al. 2017; Dahoua et al. 2017; 
Manchar et al. 2018; Mahdadi et al. 2018; Anis et al. 
2019; Kerbati et al. 2020; Fredj et al. 2020; Saadoun et 
al. 2020; Boubazine et al. 2022; Asmoay and Mabrouk 
2023). This urgency was tragically underscored by an 
event on February 25, 2015, in Aokas region (NE 
Algeria), resulting in the loss of seven lives. This site 
has been a hotspot for rockfall occurrences over the 
past two decades, marked by the unpredictable 
distribution of zones where rock blocks detach (Karim 
et al. 2019). Dorren et al. (2013) have advocated for a 
three-tiered approach to rockfall analysis: D1 for 
mapping susceptibility, D2 for mapping hazards, and 
D3 for addressing risks. 

Various methodologies, such as RES, RHAP, LPC, 
Matterocking, HGR, and trajectory analysis, are 
employed for rockfall hazard assessment, each tailored 
to specific objectives and levels of detail required 
(Hudson 1992; Descoeudres 1997; Regione 2000; 
Vengeon 2001; Depountis et al. 2020). However, 
adopting a deterministic approach to identify 
mobilization zones and track rock block propagation 
faces challenges due to the stochastic distribution of 
discontinuities on cliffs. One alternative approach 
integrating statistical and probabilistic treatments of 
discontinuities offers a practical solution (Jaboyedoff 
et al. 1996; Hantz et al. 2002). 

This study delves into analyzing the geo-
mechanical properties of rock mass discontinuities to 
grasp the structural attributes of rock formations 
(Jaboyedoff et al. 2007). Leveraging the Matterocking 
method renowned for spatial trajectory evaluations, a 

probabilistic model is applied (Jaccard et al. 2020). 
Research encompasses data preparation for kinematic 
analysis, identifying starting scenarios based on 
structural configurations and topography, simulating 
block trajectories, and assessing rockfall hazards. 

Through the utilization of the structural 
arrangement of rock masses, this integrative model 
enables the thorough evaluation of rockfall hazards. 
This methodology holds promise for identifying 
potential failure zones along rocky cliffs in North Africa 
and Mediterranean basin countries. 

2    Material and Methods 

2.1 Study area 

This study area encompasses the Aokas region, 
along the Mediterranean coastline (36°38'39''S, 
5°14'24''E-5°13'30''E, Fig. 1). This region is 
characterized by the northern cliff of the Cap Aokas 
Mountain, with the national road RN°9 running 
through it. Notably, at the eastern extremity of this 
slope, an underpass tunnel has been constructed 
beneath the road. However, it's imperative to highlight 
that this road was closed off due to recurring rockfall 
incidents in both 2005 and 2015 (Fig. 2). This study 
area is positioned within the Western Babors 
mountain chain, more precisely within the Gouraya-
Barbacha unit, (Chibani et al. 2022). Geologically, the 
carbonatic ridge of this region is underlain by Jurassic 
formations, (Tamani et al. 2019). The primary rock 

 
Fig. 1 (a) Geologic map of the study site; (b) Lithology of 
the cliff. 
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type comprising the cliff consists of Liassic dolomitic 
limestone (Obert 1981). These formations exhibit a 
monocline structure, inclined at an angle of 50° to the 
northwest and oriented in a N51° direction (Bougdal 
2009). Slopes are characterized by a moderate to low 
gradients, are typically blanketed by substantial scree 
deposits. One key geological feature in this area is the 
presence of a left-lateral vertical fault along the eastern 
flank of the massif, with a N10° orientation. Structural 
features of the massif are significantly influenced by a 
persistent network of discontinuities, giving rise to 
vulnerable rock blocks susceptible to fracturing 
(Zerzour et al. 2020). Additionally, the cliff is subject 
to a series of sub-vertical collapse faults that extend 
downstream and culminate in meter-scale cavities, 
aligned in a N120° to N145° direction (Fig. 1). Climatic 
characteristics of the study area are distinctively 
Mediterranean in nature (Ncibi et al. 2021; Benmarce 
et al. 2021, 2023). The study region receives one of the 
highest average annual precipitations in Algeria; with 
an annual average of 892 mm. Rainfall is at its peak 

during the period from October to April, coinciding 
with the season when rockslides are most likely to 
occur. Conversely, the lowest precipitation levels are 
observed between May and September. Furthermore, 
the presence of karstification in the Cap Aokas 
limestone massif significantly enhances its 
permeability, facilitating the infiltration and storage of 
groundwater.  

2.2 Data collection 

In our investigation of rockfall hazards in 
mountainous rocky cliffs, thorough data collection was 
crucial for grasping the geological and structural 
nuances of the study area. We digitized the Ziama 
geological map N48° and conducted on-site surveys in 
accessible locations. These field studies involved 
identifying and mapping lithological formations and 
utilized the scanline and window methods 
(Netshilaphala and Zvarivadza 2022) to measure and 
describe the dip, dip direction of discontinuities, 

 
Fig. 2 Recurring rockfalls from the rocky cliffs of Cap Aokas. 
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persistence, and spacing, following the approach 
recommended by ISRM (2021). Additionally, we 
analyzed geotechnical properties like wet density 
values and average uniaxial compressive strength to 
deepen our understanding of rock mass characteristics. 

To incorporate topographic details, a topographic 
survey using photogrammetry was carried out 
following the method outlined by Hyslop et al. (2021). 
Survey conducted by IMSRN (engineering consultancy 
for Soil Movement and Natural Risks Engineering) in 
2016 involved the use of 800 helicopter photos. 
Photographs were mainly taken horizontally, but some 
were angled downward. Resulted in a detailed point 
cloud comprising 32 million points, complemented by 
13 ground control points for accuracy. Subsequently, 
survey data was transferred to ARCGIS10.8 software. 
There, we processed the vector data into raster data, 
creating a Digital Elevation Model (DEM) with a 
resolution of 5 meters (Hadji et al. 2016, 2017) (Fig. 3). 

2.3 Kinematic analysis 

For the examination of the structural features, we 
conducted a kinematic analysis methodology used by 
Hoek and Bray (1981), Goodman (1989), and Wyllie  
and Mah (2004). Additionally, we utilized Dips 7.0 
software (Rocscience 2019) for our analysis. This 
software enabled the analysis and visualization of 
structural data based on dip and dip direction. We 
projected the discontinuity survey points 
stereographically to identify primary joint sets in the 
study area, as suggested by Keskin and Polat (2022). 
This analysis factored in the average direction and 
angle of friction of the cliff to select possible failure 
combinations, drawing from the methodology outlined 
by Zahri et al. (2016) and Zeqiri et al. (2019). 
Discontinuities with small persistence and spacing 
were excluded from the study due to their tendency to 
produce blocks of reduced volume, as noted by Wang 
et al. (2022). 

Kinematic analysis is conducted for the planar 
failure mode without applying lateral boundaries. This 
implies that the entire area is regarded as cinematically 
valid, considering the local topographic variations 
caused by the faults in family 7, thereby presenting the 
most adverse scenario. Conversely, a lateral constraint 
of 30° is established for the direct toppling mode, 
referencing the studies by Goodman (1980). 

2.4 Identification of rockfall source areas 

Following Matterock's approach, which posits that 
rock mass discontinuities are a key factor in rock 
instabilities (Derron et al. 2005), we aimed to identify 
areas susceptible to plane or wedge failure modes. This 
method involves comparing the slope and orientation 
of each cell in the numerical model with the 
characteristics of discontinuities (dip/dip direction). 
To pinpoint areas prone to rockfall, we conducted a 
kinematic analysis for every section of the Digital 
Elevation Model (DEM). This analysis involved 
determining the average likelihood of planar or wedge 
failures and visualizing their spatial patterns across the 
slope (Fig. 4a, 4b). Furthermore, we assessed the 
susceptibility to movement, indicating the 
concentration of structural weaknesses (Fig. 4c). This 
density measure was derived from standardizing the 
total count of potential planar and wedge failures. 

To facilitate this identification, we employed the 
Matterocking software, which relies on the DEM 
resolution, as recommended by Kakavas and 
Nikolakopoulos (2021). 

 
Fig. 3 Methodological flowchart of the adopted approach. 
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2.5 Trajectory simulation in 3D 

For analyzing the trajectory of falling blocks, we 
utilized a 3D probabilistic model based on Bayesian 
analysis, which assesses the likelihood of occurrence 
given specific events. This approach treats model 
parameters as random variables. We estimated 
plausible ranges of results (mean, standard deviation, 
etc.) from the modelling process and assigned a 
probability distribution to them. Essentially, this is a 
statistical method founded on observations of random 
occurrences, leveraging the governing laws to analyze 
past phenomena or forecast future events.  

Random number generation process adheres to a 
true random strategy, ensuring that each new 
calculation results in probabilistic simulations that 
cannot be replicated or repeated. For the simulation of 
block distribution and associated characteristics like 
velocity, frequency, rebound, height, kinetic energy, 

time, impact, and stopping 
point, we followed the 
methodologies outlined by 
Fanos and Pradhan (2018, 
2019). This simulation 
integrated data from the 
Digital Elevation Model 
(DEM), block properties 
(such as initial position, mass, 
dimensions, and initial 
velocity), and soil properties 
(including friction coefficient, 
normal and tangential 
restitution coefficients, 
lateral deviation, flattening, 
and rebound angle). These 
parameters were determined 
based on RocPro 3D 
software's features, 
customized to suit the terrain 
characteristics of our study 
area. Our adjustments were 
guided by relevant literature 
sources, including studies by 
Lan et al. (2007); Sarro et al. 
(2014, 2018, and 2020); 
Mateos et al. (2016); and He 
et al. (2020). 

Trajectory simulation 
includes three phases: free 
fall, rolling/sliding, and 

impact, treating blocks as rigid bodies to consider 
rotation during movement. It adheres to the general 
dynamic equilibrium equation for translational 
failures. During free fall, air friction is negligible, and 
block rotation doesn't affect kinematics. Upon surface 
interaction, kinematics transition to rolling with 
friction but no sliding. Impact ends movement 
instantly, dissipating energy, while rotational velocity's 
influence is factored (Zhang et al. 2021). 

RocPro3D software, a practical tool considering 
soil characteristics and terrain irregularities through a 
probabilistic approach (Akin et al. 2021), was 
employed for 3D modelling of trajectories. The 
software represented block parameters as uniform 
probabilistic variables and soil parameters as Gaussian 
or uniform probabilistic variables using the 
probabilistic model (Gallo et al. 2021). Triangulation 
allowed RocPro3D to generate a three-dimensional 
terrain mesh, facilitating the simulation of lateral 

 
Fig. 4 Kinematic analysis of the Cap Aokas cliff; (a) Planar sliding, (b) Wedge sliding, 
(c) Direct toppling, (d) Wedge caused by (j1-j6) discontinuities, (e) Wedge caused by 
(j3-j4) discontinuities. 
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trajectory evolution, (Morales et al. 2021). 
To simulate rockfall occurrence, we evenly 

distributed source points along the source line at 1-
meter intervals. At each source point, ten blocks were 
projected in different directions, each with an initial 
velocity of 0.5 m/s, representing the long-term rockfall 
conditions (San et al. 2020). This velocity value is 
considered precautionary, as emphasized by Fanos et 
al. (2020). The simulation, performed using a 3D 
probabilistic model with a rigid block trajectory 
formulation on the digital terrain model mesh, 
generated multiple maps, including the trajectory 
frequency map and the kinetic energy map. Finally; we 
performed the Kolmogorov-Smirnov test to evaluate 
the normality of the empirical curve relative to the 
analytical curve. This test is employed to examine the 
sensitivity of probabilistic trajectory simulation, 
affirming that the parameters integrated into the 
simulation are genuine random variables. 

2.6 Evaluating the rockfall hazard 

To assess the rockfall hazard at specific locations, 
we applied the Matterock methodology, which 
considers the probability of occurrence, mobilization, 
and energy of the rock blocks. This approach involves 
pairing the probability of occurrence (expressed as a 
return period in years) with the intensity of the hazard 
(measured in kJ), as described by Hantz et al. (2021) 
and Ferrari et al. (2017). 

 Evaluation of rockfall hazard relies on assessing 
the kinetic energy "E," a critical factor in determining 
impact energy within the exposed zone. This energy 
encompasses both the translational and rotational 
energies of a rock block along its trajectory, defining its 
intensity (Lateltin et al. 2005; Prina Howald and 
Abbruzzese 2022). This intensity classification 

corresponds to the structural capacity of various 
building walls to withstand impact energy, as 
demonstrated by Eggers et al. (2021). They categorized 
the intensity into three levels for simplification: high, 
medium, and low (Fig. 5), with a threshold of 300 kJ 
marking the boundary between high and medium 
classes, and 30 kJ representing the upper limit for the 
low-energy class (Mineo 2020). For precise hazard 
mapping, we employed the modified Matterocking 
method, analyzing 90% of the total simulated blocks to 
estimate the energy profile (Abbruzzese et al. 2009). 

Probability of occurrence is determined by time 
intervals where an event has a high likelihood of 
happening (OFEFP 1997). It is qualitatively assessed 
according to Fig. 6, considering both its probability of 
failure and probability of reach. The probability of 
reach indicates the proportion of blocks starting from 
a point and reaching various locations within the study 
area. Return periods (T) were calculated as the inverse 
of occurrence frequency (f) [T = 1/f], (Jaccard et al. 
2020). In simpler terms, higher frequency corresponds 
to shorter return periods. Finally, three levels of 
intensity, high, medium, and low, are used with the 
corresponding return periods of 1–30, 30–100, and 
100–300 years to assess rock fall hazard. Hazard levels 
for each DEM cell was evaluated based on the (E, T) 
(Energy/Return period) pair and depicted on a 
frequency-intensity diagram (Abbruzzese and 
Labiouse 2020).  

3    Results and Discussions 

3.1 Data collection and kinematic analysis 

Five discontinuity families (j2, j3, j4, j5, j6) were 
identified through stereographic projection of the 

 
Fig. 5 (a) Probability of the occurrence of rockfall hazard, (b) the pairwise matrix of rockfall hazard (Swiss directive 
from OFAT, OFEE, OFEFP, 1997). 
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discontinuity survey, excluding the bedding plane (j1) 
and fault series (F7). Stratification joints (j1) are less 
visible in the eastern part due to the dense dolomitic 
limestone appearance, but they're more evident in the 
western part where dolomitic limestones are bedded. 
Accessibility and vegetation cover influenced 
measurement availability. Family 7 comprises six sub-
parallel faults crossing the slope from bottom to top 
(Fig. 3), significantly impacting the slope's ruggedness, 
mainly from a geomorphological perspective. The 
discontinuity sets (j2, j3, j4, j5, j6) play a role in rock 
mass fragmentation and weakening, clearly indicating 
potential rupture planes such as planar, wedge, and/or 
direct toppling (Table 1). For a friction angle of φ = 30°, 
the kinematic analysis allowed us to distinguish three 
failure modes (plane, wedge and direct toppling).  

In the planar failure mode, the discontinuity 
families j1, j2, j3, and j4 are involved. The onset of 
failure for J1 occurs at slopes greater than or equal to 
56°. However, j2, j3, and j4 show sliding potential at 
slopes ranging from 75° to 78°. The wedge failure mode 
is observed in 15 intersection cases, out of which 12 
demonstrate possible failure scenarios. The initiation 
of failure occurs at slopes greater than 40° (Table 2). 
Discontinuity families susceptible to direct toppling 
comprise j1, j2, j3, and j4. Among them, j2 shows the 
highest susceptibility to direct toppling at 100%, 
whereas j4 is moderately susceptible at 54%. In 
contrast, j1 and j3 exhibit the lowest susceptibility to 
direct toppling, with probabilities of 14% and 16%, 
respectively. In our study, we implemented quality 
control measures throughout the data collection and 
kinematic analysis phases to ensure accuracy and 
reliability. During data collection, we strictly followed 
standardized protocols that specified data types, units 
of measurement, and procedures to maintain 
consistency. We conducted regular calibration of 
measurement equipment, including laser rangefinders, 
GPS devices, and inclinometers, to ensure accuracy. 
Data validation procedures, such as checks against 
acceptable ranges and the use of electronic data 
logging systems, were employed to minimize errors. 
Additionally, we took duplicate measurements for 
critical parameters to enhance reliability. Furthermore, 
we recorded weather and environmental conditions to 
account for external influences on the data. In the 
kinematic analysis phase, we upheld data verification 
standards to ensure completeness and address any 
missing or inconsistent data. We consistently applied a 
reliable and validated method for analysis. Regular 

sensitivity assessments were conducted to evaluate the 
impact of errors or uncertainties.  

3.2 Identification of areas of origin for rockfall 

Presence of a certain number of discontinuities on 
a topographic surface corresponds to a probability (P = 
1 – e-N) of a hazardous structure existing, where N 
represents the average number of discontinuities 

 
Fig. 6 (a) Average number of discontinuities of planar 
failure, cases of (j1), (mean number of potential planar 
sliding along joint/DEM cell). (b) Average number of 
discontinuities of wedge failure cases of (j1-j6), (mean 
number of potential wedge sliding along intersection j1-
j6). (c) Susceptibility map for rockfall mobilization of the 
Aokas Cap cliff. 
 
Table 1 Geometric characteristics of discontinuities. 

Sets j1 j2 j3 j4 j5 j6 F7 
Dip (°) 51 77 69 74 64 87 88 
Dip Direction (°N) 321 359 43 330 244 90 40 
Direction (°N) 51 89 133 60 334 187 130 
Mean spacing 3 1 1 1 1 2 300 
Mean trace length 
(m) 15 1.2 1.5 1 0.8 8 > 50  

 
Table 2 Minimum slopes causing failure of each wedge 

Slope Possible wedges 
41° - 52° (j1- j6); (j1- j4) 
65° - 71° (j4- j6); (j5- j1); (j4- j3); (j6- j3) 

77° - 90° (j4- j2); (j2- j3); (j2- j5); (j2- j6);  
(j2- j1); (j3- j5) 
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observed over a distance or area. Therefore, as 
the number N of discontinuities increases, the 
likelihood of hazardous structures being 
present also rises, approaching 100% (for N = 
1, F ≈ 63%; for N = 3, F ≈ 95%; and for N = 4.6, 
F ≈ 99%). Consequently, the susceptibility to 
failure increases.  

Susceptibility map shows that the red 
zones are indicative of high potential for 
mobilization, primarily concentrated on very 
steep slopes (≥ 75°) facing northeast. Areas of 
moderate mobilization are situated on slopes 
ranging from 65° to 75°, facing northeast and 
northwest. On the other hand, low 
mobilization areas are found on slopes ranging 
from 50° to 65°, facing northeast to northwest. 
Additionally, the source areas for some 
significant past events are projected to coincide 
with the mobilization potential areas on the 
established map (Fig. 5c). Aerial 
measurements (Fig. 6) further demonstrates 
that the traces of detached blocks match the 
spatial distribution of areas with moderate to 
high mobilization potential. 

3.3 Simulating trajectories in 3D 

Using a probabilistic approach, we 
conducted 3D simulations of trajectories based 
on lithology-related parameters (Table 3). 
These simulations enabled the calculation of 
density, stopping point, rebound height, 
velocity, and kinetic energy for all detached 
blocks. 

Blocks' trajectories exhibit a distinct 
orientation along topographic corridors that 
converge towards the base of the slope (Fig. 7). 
Notably, some of these blocks extend to the 
downstream national road RN°9. 

Zones where blocks come to a stop are 
characterized by the highest trajectory 
densities (Fig. 8), with the highest frequency 
observed in areas with high mobilization 
potential, reaching up to (Dlow-mob = 4.293%, 
DModerate-mob = 9.67%, DHigh-mob = 28.68%) (Fig. 
8). This indicates that a higher number of 
stopping points are observed in areas with a 
higher frequency of block passage. By 
reclassifying and overlaying the attainment 
maps of the three mobilization zones (low, 

Table 3 Geotechnical characteristics of the terrain 

Lithology RN RT DL Dv K β-lim β-lim’ 
Dolomitic limestone 0.67 0.88 10 1 0.4 4° 30° 
Compact slope debris 0.45 0.70 7.5 1 0.6 6° 40° 

Note: RN and RT: Respectively normal and tangential 
restitution coefficients; DL and DV: Respectively lateral 
deviation, flattening; K: Friction coefficient.  β-lim and β-lim’: 
Rebound angles. 
 

 
Fig. 7 Geographic position of Cap Aokas cliff, and photograph of 
detached blocks located on N130° oriented. 
 

 
Fig. 8 3D simulation of trajectories and density maps from source 
zones for: (a) low, (b) medium, (c) high. 
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medium, and high) based on Fig. 5, 
stopping densities for mobilization 
zone were generated (Figs. 9a, b, c). 

Based on the occurrence map, 
the high occurrence zone covers 
17% of the attainment area, 
whereas the medium occurrence 
zone represents 52.44%, and the 
low occurrence zone covers the 
remaining 30%. For the analysis of 
kinetic energy, velocity, and 
rebound height, a 90% quintile was 
used to represent the statistical 
parameters of the cell grid 
populations (Fig. 10). 

Distribution of velocities is 
consistent with that of rebound 
heights throughout the cliff (Fig. 
11a). This suggests a correlation 
between the slope gradient and the 
velocity of the blocks in motion. In 
areas with steep slopes, the velocity 
and rebound height reach 
maximum values at the point of 
impact, after a free fall (Fig. 11b). As 
a result, higher fall heights lead to 
greater velocities and rebound 

heights.  
Obtained energies in the simulation were 

influenced by various factors, including the initial 
conditions (such as initial velocity and density), 
lithological properties of the terrain, and the 
topography of the area. 

We categorize the stretched Energy (Fig. 11c) in 3 
classes (Fig. 11d). The highest energy class (class 3) 
with values greater than 300 kJ was attained when 
blocks underwent free fall during their trajectories (Fig. 
12a). This class covered the largest area of the cliff 
(71.2%). The energy class 2, ranging between 30 and 
300 kJ, was associated with slope gradients between 
50° and 65°, and blocks did not experience free fall 
during their trajectories (Fig. 12b). This class was 
distributed around the periphery of class 3 and 
accounted for 27% of the affected area. The energy 
class 1, where the energy was less than 30 kJ, was 
found to be minimal (1.88%) and was mainly located 
in the western limit of the cliff (Fig. 12c). This class was 
associated with areas where the slope was less than 50°, 

 
Fig. 9 Photo of rockfall occurred in 2019, with blocks 
reaching the tunnel western exit; Stopping point densities 
for mobilization zones: (a) low, (b) medium, (c) high. 
 

 
Fig. 10 Rockfall occurrence probability map of Cap Aokas cliff. 
 

 
Fig. 11 3D simulation maps: (a) Velocity map [Envelope (Q-90)]; (b) Rebound 
height; (c) Energy map; (d) Energy class map. 
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and the velocity of the blocks was relatively low, 
ranging between 2.25-5 m/s. 

Sensitivity test produced a distribution map of KS-
p values (Fig. 13), indicating complete adherence of the 
simulation to a normal distribution. This is evidenced 
by the KS-p value obtained being greater than or equal 
to 5%. 

This means that the trajectory simulation based 
on a probabilistic approach is well-founded, and its 
sensitivity concerning this approach has been verified. 
The results obtained from the trajectory simulation are 
further scrutinized and validated in the field through a 
retrospective analysis of events affecting the study area 
during specific periods (e.g., 2005, 2015, and 2019). 
Here, we observed a typical coherence between the 
block endpoints and the probability of impact points 
obtained through simulation.  

3.4 Assessment of the rockfall 
hazard 

In a particular area, rock fall 
hazard pertains to the likelihood of 
a rock fragment breaking away and 
reaching a specific zone within a 
defined time window, factoring in 
its energy and vertical distance 
(Hantz et al. 2021). Consequently, 
evaluating rockfall hazard involves 
considering various factors and is 
categorized according to Swiss 
standards (OFEFP 1997) using the 
ratio of magnitude (energy/return 
period). By performing a raster 
calculation of energy and return 
period, it was possible to create a 
hazard map (Fig. 14). Slopes 
predominantly exhibit energy class 
3 (>300 kJ), implying that kinetic 
energy plays a more significant role 
in the hazard classification than 
the frequency of occurrence 
(return period). High hazard zone 
is concentrated between areas with 
very steep slopes and encompasses 
most of the affected zone. In 
contrast, the medium and low 
hazard zones are situated in the 
lower  parts of the slope and 
regions with a low slope gradient. 
Notably, the National Road No. 9, 

positioned downstream of the cliff, is highly 
susceptible to sections with elevated hazards, 
particularly from the western exit of the tunnel to 
approximately 560m. 

3.5 Discussions 

The kinematic analysis conducted in this study 
played a crucial role in identifying the failure 
mechanisms and source zones based on 
photogrammetry and high-resolution DEMs. Three 
failure modes were identified: planar, wedge, and 
direct toppling. However, it is worth noting that direct 
toppling was not observed in the field due to the 
presence of elongated rectangular blocks at the base, 
which prevented this mode of failure from occurring. 
Our analysis primarily focused on assessing failure 
possibilities influenced by slope angle, joint 

 
Fig. 12 Trajectory profiles of the class E3, E2, E1. (a) class-E3 (High); (b) class-
E2 (Moderate); (c) class-E1 (Low). 
 

 
Fig. 13 P values of the Kolmogorov-Smirnov (KS-p) test. 
 

 
Fig. 14 Rockfall hazard probability map of Cap Aokas cliff. 
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orientation, and slope orientation. The decision to 
conduct the kinematic analysis without lateral 
boundaries was supported by the spatial distribution of 
discontinuity families that were prone to plane failure 
across the slope. 

 To identify hazardous geological structures, we 
employed the Matterocking method, which revealed a 
distinct distribution of source zones along fault mirrors. 
This distribution was attributed to the influence of 
these faults on the slope's morphology. The alignment 
between the identified source zones and previously 
recorded events confirmed the accuracy of our findings. 
Trajectory simulation considered lateral dispersion 
and utilized a probabilistic model to account for 
uncertainties. The RocPro3D software was employed 
to analyze rockfall trajectories, taking into account 
factors such as velocity and energy. 

While our methodology for assessing rockfall 
hazards was comprehensive, it is important to 
acknowledge potential sources of uncertainty and 
limitations. Uncertainties may arise from variations in 
field measurements, data collection methods, DEM 
generation, and assumptions made during the 
kinematic analysis and trajectory simulation. 
Additionally, the Matterock methodology has 
limitations in addressing direct toppling failures, and 
the probabilistic modelling approach may not fully 
capture the complexity of real-world scenarios. These 
uncertainties and limitations should be carefully 
considered when interpreting the results and making 
decisions regarding rockfall hazard mitigation.  

The practical implications of our research are 
significant. It provides a comprehensive 
understanding of rockfall dynamics and hazards in the 
Aokas region, thereby aiding in risk assessment and 
management. The identification of specific 
discontinuity families and their failure modes offers 
valuable insights for infrastructure planning and 
design in rocky, mountainous areas. The research 
contributes to more accurate hazard mapping, 
particularly for critical transportation routes such as 
National Road No. 9. Furthermore, the study 
emphasizes the importance of considering geological 
structures and their influence on slope morphology 
when assessing rockfall hazards. The incorporation of 
a probabilistic approach sets a methodological 
precedent for more precise assessments in diverse 
geological settings.  

This study has yielded significant findings 
regarding the rockfall hazards present in the Cap Aokas 

cliff region. Through a comprehensive examination of 
the region's geological characteristics, failure 
mechanisms, and the spatial distribution of source 
zones, we have gained valuable insights that can 
inform the development of effective rockfall hazard 
mitigation strategies. 

4    Conclusions and Recommendations 

In conclusion, the occurrence of rockfall events 
poses significant risks to rocky slopes and cliffs, 
necessitating a thorough assessment of rockfall 
hazards. Our research has shed light on the importance 
of evaluating both localized and diffuse components of 
rockfall hazards through various stages, including 
kinematic analysis and trajectory simulations. The 
influence of faults on slope morphology and the spatial 
distribution of source zones were identified as crucial 
factors determining rockfall occurrences. 

To effectively mitigate the risks associated with 
rockfall, it is imperative to implement suitable 
protection measures. These measures should take into 
account the specific morphology of the site and 
consider the energy associated with falling blocks. By 
understanding the failure mechanisms and identifying 
vulnerable areas, appropriate engineering solutions 
such as protective barriers, slope stabilization 
techniques, or controlled rock removal can be 
implemented to minimize the potential impact of 
rockfall events. 

However, it is important to acknowledge the 
limitations and uncertainties inherent in rockfall 
hazard assessments. Our study has highlighted some of 
these limitations, including uncertainties arising from 
field measurements, data collection methods, and 
assumptions made during analysis. Methodological 
refinements and ongoing research are necessary to 
further enhance our understanding of rockfall hazards 
and improve the accuracy of assessments in similar 
geological settings. 

Looking ahead, it is recommended to continue 
studying and monitoring rockfall hazards in the Cap 
Aokas cliff region and other similar areas. Long-term 
monitoring programs can provide valuable data on the 
frequency and magnitude of rockfall events, aiding in 
the refinement of hazard models. Additionally, 
advancements in remote sensing technologies and data 
processing techniques can contribute to more accurate  
hazard mapping and early warning systems. 
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Furthermore, collaboration between researchers, 
geotechnical engineers, and local authorities is crucial 
for effective rockfall hazard management. Sharing 
knowledge and experiences can facilitate the 
development and implementation of comprehensive 
strategies to mitigate rockfall risks. Public awareness 
campaigns and educational programs can also 
contribute to enhancing safety measures and promoting 
responsible behavior in areas prone to rockfalls. 
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